Subway systems worldwide transport more than 100 million people daily; therefore, air quality on station platforms and inside trains is an important urban air pollution issue. We examined the microbiological composition and abundance in space and time of bioaerosols collected in the Barcelona subway system during a cold period.
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used by more than 100 million people every day, 8 there is surprisingly little information published on subway aerial microbiological burdens (eg, 6, 9 ). Furthermore, many of the studies focusing on airborne microorganisms (bacteria and/or molds) from subway networks have used culture-dependent approaches. 8, 10 As most environmental microbes are not currently cultured by such approaches, 11 only a small fraction of the actual microbial content (generally <1%) can be identified with these techniques. Consequently, culture-independent approaches are needed for a better identification of airborne microorganisms. It is, however, clear enough from the research carried out so far that some studies have pinpointed Cladosporium, Penicillium, and Aspergillus genera (a set of environmental molds) as having high prevalence in some subway air samples. [12] [13] [14] On the other hand, new studies on the characterization of the urban environment by means of a metagenomicbased approach (focused on the microbiome's analysis from surfaces)
are currently in progress. 15, 16 In this study, we examine bioaerosols collected in the Barcelona subway system during an intensive monitoring campaign carried out over four months (November 2013-February 2014) inside trains, on platforms, and in lobbies. The system in Barcelona absorbs around 50% of the urban commuting load, transporting 1.25 million commuters on workdays. 17 Trains are equipped with air-conditioning (AC)
systems that when operating have a positive effect on the air quality inside the carriages by decreasing the concentrations of coarse particles (PM 10 ,
18
). Air quality studies in the Barcelona subway network have to date focused on other aspects related to the air quality of the Barcelona subway system, such as factors controlling particulate matter concentrations and composition, [17] [18] [19] [20] [21] so that our study was offering something new in attempting to characterize bioaerosols. In particular, we focused on the evaluation of microbiological composition and bioaerosol abundance in space and time using molecular methods such as quantitative real-time PCR on DNA (and cDNA) to quantify total bacteria, the fungus Aspergillus fumigatus, and the viruses influenza A and B, and rhinoviruses. In addition, we carried out a pyrosequencing analysis of the 16S rRNA gene to assess bacterial biodiversity.
| METHODS

| Sampling site
Trains from a total of six lines and four subway stations from the metropolitan underground network of Barcelona (TMB), Spain, were 
Practical Implications
• With the increase in knowledge on health problems associated with air pollution, air quality in public places has become an issue of concern for public health. Hence, the interest in bioaerosols (the fraction of aerosols of biological origin) has increased, as they may have infectious, allergenic, or toxic properties. We examined for the first time the bioaerosols (including a set of target pathogenic microorganisms-Aspergillus fumigatus, influenza viruses, and rhinoviruses), inside trains and on platforms and lobbies, during a monitoring campaign within the Barcelona subway system. Low bioaerosol concentrations were found regarding the targeted microorganisms, commuters were not the main source of bioaerosols, and potentially pathogenic bacteria were found in low proportion.
Thus, the study shows no major biological exposure evidence for commuters.
when a moderately high number of travelers were present. Similarly, when comparing trips with and without AC, the samples were collected in the same train, traveling one way with AC and making the return journey without AC. In addition, nine fields blanks, one for each collection day, were used to determine the level of baseline contamination.
Environmental conditions were recorded (temperature, relative humidity) while sampling at platforms and inside trains, with values showing low variability. The ranges were as follows: 21-24°C (temperature) and 32-38% (RH) were recorded on platforms, and 21-23°C
(up to 26°C without air-conditioning) and 33-57% RH inside the trains.
Differences in temperature and RH when measuring with and without air-conditioning inside the same train varied from 0.5 to 2°C and 1 to 3%, respectively.
| Sampling and sample preparation
Samples were collected at 1 m above the ground using a Coriolis The PCR reaction was performed according to the manufacturer's recommendations. The tubes containing the cDNA were then stored at −80°C until shipment to the laboratory (Quebec, Canada, CRIUCPQ).
| Transportation and storage
The samples including 189 pellets of 1.5 mL samples prepared for DNA extraction, the corresponding RNA extracts (without DNA) (30- 35 μL/tube) and the cDNA (20 μL/tube), were shipped on dry ice.
Upon arrival at the Quebec laboratory, they were immediately transferred to −80°C freezer, and so, until their analysis. 
| Extraction and purification total DNA
| Quantitative PCR (qPCR)
PCR amplifications were performed using a thermal cycler CFX384 as identity threshold and, in addition, analyzed to discard chimeric reads by means of a double strategy using UCHIME: de novo and reference-based chimera filtering step against "Gold" reference database available for ChimeraSlayer. Unique sequences (ie, singletons)
were removed. Overall, 49 752 sequencing reads could be assigned to some of the OTU representative sequences, which were then parsed to create an OTU Ecology toolkit-QIIME-. 28 Using these settings, a sample of the original dataset was discarded (corresponding to the lobby in Santa Coloma station), because had fewer sequences than the requested rarefaction depth. Taxonomic assignment was carried out with SINAAligner and classifier (version 1.2.11) using SILVA_119 reference database 29, 30 with the de-replicated version at 99% sequence similarity.
Sequences original from bTEFAP representative OTUs were deposited in GenBank with accession numbers LT158063-LT158198.
All statistical analyses were run in the R environment (http:// www.r-project.org/). Community ecology-related parameters were calculated using the vegan package. 31 Community similarities were represented by non-metri multidimensional scaling (metaMDS function) using Bray-Curtis dissimilarities after Hellinger standardization. 32 Additionally, analyses of similarities (ANOSIM) were performed based on 1000 permutations to test for significant differences between a priori sampling units from the data matrix (ie, otu table), as the different compartments analyzed from the subway system (Inside trainwith air-condition or without-Lobby and Platform). The ANOSIM R statistic is based on the difference of mean ranks between groups and within groups and ranges from 0 (no separation) to 1 (complete separation). 33 The multivariate homogeneity of group's dispersions (variances) was checked before proceeding with ANOSIM with the aim to discard heteroscedasticity among groups (permutest.betadisper function), and latterly used as a means of assessing the beta-diversity.
Shannon indices and expected species richness were calculated using the functions diversity and rarefy (respectively); however, in the second case, the original OTU table was used to avoid its overestimation.
Hypothesis contrast test was carried out with stats package; nonparametric tests were used when the assumptions for the parametric equivalents were not achieved. For the data descriptions showing the taxon composition, the taxonomic information related to the OTUs was summarized (at genus level when possible) by means of the summarize_taxa.py script available in QIIME. Venn diagram analysis was performed by means of the venn command available in Mothur. 34 The isolation source category ascribed to the taxons was based on the habitat and ecology information available in "The Prokaryotes-A Handbook on the biology of bacteria," and further refined when aiming to determine its putative human origin using data available in Human Microbiome Project. 35 All graphs were constructed with the ggplot2 package. 36 The presence of airborne potentially pathogenic bacteria in the bTEFAP dataset was analyzed by means of BLAST analyses against a de novo created database of 16S rDNA sequences representing 275 bacterial species of both obligated pathogens and a number of opportunistic ones. The database used for searches was constructed as from the list of pathogenic species inventoried in a previous work 37 and further refined by means of online searches of the ascribed taxa. For such analyses, just those phylotypes presenting sequence identity values above 98% were considered. In addition, the highest BLAST alignment coverage values were prioritized (threshold set at 99%). As even identity values at 100% would need additional confirmation steps of such pathogenic capacity by studying specific virulence markers, the results here presented should be interpreted with caution and, thus, regarded as indicative of potentially pathogenic bacteria (ie, one would incorporate it to the concept of indicator species). The phylotypes adscribed to potential pathogenic bacteria were further classified in accordance with their host or pathogenic potential (obligated or opportunistic).
| RESULTS
| Quantification of airborne target microorganisms
| Influenza A and B
The viral load related to influenza on the subway indoor air was as- We did not observe differences according to the setting of the AC system or between different stations (last data not shown). More in detail, we were able to detect significant differences among influenza concentrations between the two sampling periods of such winter campaign (Mann-Whitney U-test, P-value < .01) ( Figure 1B ).
Here, a greater incidence of influenza before the winter holidays was observed.
| Rhinovirus
Rhinovirus 
| Aspergillus fumigatus
The quantification of A. fumigatus showed that only three of the 54 samples yielded concentration greater than the detection limit.
Indeed (Figure 2 ) and also between different stations. In addition, total bacteria were not significantly different in relation to the setting of the air-condition system or sampling period (Mann-Whitney U-test, P-value > .05) (data not shown). significance: 0.887). 38 In addition, the multivariate homogeneity of groups' dispersions confirmed no differences (P-value = .112) (inner panel in Figure 3 ). The ecological diversity (Shannon index) and specific richness were rather low in comparison with other environmental sequence datasets-normally set at hundreds of species and above and H' values around 3 or even higher (Figure 4 ).
| Bacterial quantification and diversity
For instance, H-values lower than 2 in all cases would indicate both low richness and high dominance of a small number of taxons. In addition, not significant differences were observed between compartments for these alpha-diversity indicators (AnovA, P-value > .05 in both cases).
Regarding identified taxa, 19 of 87 (22%) were found to overlap for the locations inside train, platform, or lobby ( Figure 5A , Table S4 ), that is, they were ubiquitously detected, and so regarded as widespread taxa. Within this category, Methylobacterium, members of Chitinophagaceae, Bradyrhizobium, Paracoccus, and Sphingomonas were detected at high proportion and high frequency, that is, mean relative abundances >0.5% and occurrence >75% ( Figure 5B ). Genera related to human microbiota as Staphylococcus and Neisseria were detected at rather high proportion (mean relative abundance 0.5-1%) but at lower frequencies (<50%).
Among the two different air-conditioning settings tested (switch on or off) and locations within subway system, we did not find significant differences on the relative abundance of widespread-abundant-taxa (AnovA, P-value > .05). Similarly, when considering all taxa putatively related to human microbiota (either commensal or potentially pathogenic), significant differences in mean relative abundances between the air-conditioning settings were not found (t-test, P-value > .05; Figure S2 ). In addition, the frequency of such bacteria was similar between both groups. Thus, after the air-conditioning system was switched off, we did not observe higher occurrence of human-related bacteria.
| The presence of potentially pathogenic airborne bacteria
Through BLAST analysis, we linked the 16S rRNA gene sequences to species or genera for which pathogenic strains (or varieties) have been previously reported (Table 1) . Thus, they were regarded as an indicator of the presence of potentially pathogenic airborne bacteria. Overall, this group showed low mean relative abundances in the dataset, c. 0.25%. The highest values were rather low, normally <2%.
Interestingly, Staphylococcus epidermidis, which has been reported as an opportunistic pathogen 39 (ie, just affecting immunocompromised patients in nosocomial infections), presented the highest abundance.
Those potentially pathogenic bacteria, in most of cases, were evenly detected in the different sites analyzed.
| DISCUSSION
Despite the effect on human health of bioaerosols breathed in public transport systems being of broad research interest, only a small In. train -AC
In. train -no AC
Lobby Platform Distance to centroid number of studies have focused on bioaerosol exposure of citizens in subway stations (eg, 6, 9 ). Bioaerosol sampling in subway stations and trains requires several compromises related to the sampling method that needs to be portable, must collect the sample quickly, has to be robust, and require minimal manipulation. Sample 2 m 3 of air for a short time has achieved an acceptable limit of detection but provides little information on the temporal variations of concentrations of bioaerosols. Repeated longitudinal sampling will provide a better picture of the presence of bioaerosols but will also be performed at high speed as it is expected that concentrations are low. We studied the microbiological air composition within the Barcelona subway system to improve knowledge on what bioaerosols commuters are daily exposed to and in which concentrations.
The results presented show low overall bioaerosols concentrations for the specific targeted microbial populations. However, total airborne bacteria averaged approximately 10 4 bacteria/m 3 , which is
higher than values previously reported. 8, 40, 41 For example, as previously studied in Seoul and Oslo stations, the average concentration of viable bacteria in the air was a few hundred CFU/m 3 . 8, 41 However, when microscopic counts were carried out, similar bacterial concentrations to ours were found, 6 and it was shown that fluorescence microscopy and qPCR methods were comparable to each other. 42 Thus, the discrepancy is most probably related to the use of molecular methods rather than cell culture as culture methods are known to underestimate real concentrations.
43-45
We did not observe significant differences in total bacteria concentrations among the different track configuration included in this study. These results do not follow the trend observed for PM 2.5 concentrations at the same sampling locations. Thus, previous studies described that the PM 2.5 concentrations were lower inside trains, especially when AC was functioning. 18 As the sources of airborne bacteria (outdoor air, humans) and PM 2.5 (breaks and mechanical friction and wear) are different, the observed lack of correlation between both pollutants is not surprising.
The qPCR specific to influenza A and B virus yielded similar mean concentrations of the order of 10 2 influenza genomes/m 3 of air ( Figure 1A ). This value would be 100-fold lower, in case of influenza A, than other previously measured at indoors of different public places.
46
No information was available in case of influenza B. In order to better interpret data and to determine whether subway users can be exposed during commuting to influenza virus, we performed a rough estimation of the potential inhaled dose during fall-winter studied period Here, we assume that each genome equivalent represents one viral particle and that not all viral particles are necessarily infectious. Our assay did not test for viral infectivity, but one should consider that the ratio existing between infectious versus total influenza virus particles in laboratory stocks was established roughly as two orders of magnitude lower. [47] [48] [49] Although it is not known whether this ratio could be extrapolated to environmental samples, one must take into account this loss in infectivity when aiming to estimate the infectious counts (eg, Tissue Culture Infectious Dose-TCID 50 ). The presented value could be lower if considering that the most frequent average journey time in the Barcelona subway was previously reported to be 35 min.
17
Conversely, rhinoviruses presented a much lower frequency; they were just detected three times. In such case, the potential of commuters to be exposed was not demonstrated but further longitudinal sampling should be executed to better describe potential metro users exposure, 50 especially during the outbreak's period (typically in the fall).
Interestingly, influenza concentrations reported from
November-December period were significantly higher compared to January-February. Nevertheless, data reporting influenza activity (from institutional entities of Catalonia's Government and from public Web facilities of Google Inc.) showed that the influenza peak occurred during the later period. Here, we assume that our methodological approach has low bias as qPCR primers sets were originally When comparing our data with other subways, it is important to consider the characteristics of the Barcelona subway system. All stations where samples were obtained were underground and have a ventilation system introducing outdoor air throughout lateral ventilation outlets across the platform and extracting air through a vertical well. Ambiguously assigned to Streptococcus pneumoniae because was found to be also equally similar to Streptococcus oralis, S. infantis, and S. sanguinis (all of them opportunistic).
b Ambiguously assigned to Corynebacterium minutissimum because was found to be also equally similar to Corynebacterium singulare (str. IBS B52218).
c Ambiguously assigned to Citrobacter freundii because was found to be also equally similar to Escherichia vulneris and Enterobacter cancerogenus (skin and soft tissues), C. werkmanii (opportunistic), and Enterobacter xiangfangensis (not reported as pathogen).
d
Ambiguously assigned to Ralstonia picketti because was found to be also equally similar to Ralstonia solanacearum (plant pathogen).
Furthermore, all trains are equipped with a filtered air-conditioning system and windows are kept closed. Although few samples in our study were positive (only three), no conclusions can be drawn regarding the absence of health risk. Indeed, the presence of certain pathogens such as A. fumigatus is considered unacceptable in indoor air and considering the absence of an exposure limits value to mold, the risk of allergic lung disease for certain categories of passengers at greater risk (immunocompromised, or elderly asthmatics) can exist.
12
Nevertheless, considering that its origin is probably outdoor air, as it is one of the most ubiquitous of the airborne saprophytic fungi, 52 we could conclude that the risk of exposure is not more elevated in the subway than in outdoors.
The analysis of airborne bacterial communities reveals that the commuters are not the main source generating bioaerosols in the subway system. Here, it is interesting to note that most recurrent and abundant taxa did not match to those regarded as human microbiota (neither commensal nor pathogenic). Nevertheless, our statement should be taken with care, as we lacked sampling during rush hours.
As changes in microbial communities between peak and non-peak commuting hours were previously described and related to increases in skin-associated genera in peak samples, 9 our study would be more representative of middle-to-low density periods. Thus, we may have underestimated bioaerosols generated from commuters and then also its relative abundance in the dataset. However, Adams et al. 53 reported recently that a weak influence of human occupancy on microbial communities of built environments could exist, specifically from those well ventilated with a moderate occupancy. Actually, even in a high-traffic-influenced building, it was found that indoor air communities closely tracked those in outdoors. 6, 54 However, a higher proportion of human-associated bacterial genera were found in indoor air.
54
Conversely, a previous study reached opposite conclusions, 8 being anthropogenic sources the major contributors to airborne bacteria.
However, a culture-dependent approach was used instead, and therefore, results are not comparable.
Airborne bacterial communities in Barcelona subway system were largely dominated by a limited number of taxa, where Methylobacterium was the most abundant. Moreover, some varieties of this genus have
shown the ability to grow in the presence of particulate exhaust material (soot), and so, their possible role as biological monitors of vehicular pollution has been suggested. 55 Indeed, it was found that Methylobacterium might grow with some of the polycyclic aromatic hydrocarbons (PAHs) and long-chain aliphatic hydrocarbons contained in such material. The subway systems are distinctive microenvironments where the concentration of pollutants from both the atmosphere and those generated internally can occur. 7 Barcelona's subway aerosol is a complex mixture of compounds dominated by hematitic ferruginous particles sourced from the abrasion of wheels, rail tracks, and brakes, 21 but also containing a high proportion of carbonaceous materials mainly derived from brake and catenary wear (and biomass and fossil fuel burning), as well as abundant "crustal" PM silicate dust released from granitic ballast. Moreover, a higher concentration of PAHs was detected in the Barcelona subway system during the same sampling period. 19 Hence, the observed situation would be reasonable, with some bacteria reported in polluted environments being predominating, as is the case of Methylobacterium. 59 Further studies to compare their abundance at indoor and outdoor systems should be carried out in order to determine whether this situation is idiosyncratic from the subway system.
The other abundant and widespread taxa in the bacterial communities (>0.5% mean relative abundance and >75% occurrence, Figure 5 panel B) have been described from diverse environmental sources, although mainly in soils. Some of them would thrive successfully on polluted environments as suggested by sphingomonads, 60 besides their high metabolic diversity, as observed in members of the genus Paracoccus too. 61 These have been found able to grow as methylotrophs and also as chemolithoautotrophs using products that may be related to vehicular and industrial emissions (eg, pollutants such as carbon monoxide or carbonyl sulfide), 62, 63 although given that Barcelona subway platforms have low CO levels, 20 such an interpretation seems less applicable to our samples. Furthermore, members of Chitinophagaceae have been already described as airborne bacteria in urban environments.
64
Samples from inside trains were further inspected to see whether the different AC settings (switch on or off) could infer some differences in terms of composition and structure. For instance, to see whether a shift on the proportion of bacterial types from different sources (human related vs. other environmental sources) exists. A number of exclusive taxa were found but no differences were observed for the dominant groups. Here, the effect that produces the opening and closing of doors and ventilation systems may help to explain the homogenization of results.
The degree of overlapping observed for airborne bacterial communities, which were dominated by a few widespread taxa, would seem to be more related to the prevalence of abiotic factors and bioburden on building structure (including trains) than for the commuters' occupancy. Thus, we hypothesize that this situation would be favored by the concentration of pollutants from outdoor air sources, nighttime maintenance activities, etc. (acting as facilitators), and moreover, biofouling in air-ventilation systems (including AC) might act as a possible source of such dominant taxa. Further investigations are needed to probe such hypothesis. Contrary to the observed results, one would expect a higher microbial diversity, expressed in terms of richness and ecological diversity, related to the intrinsic variety and also the quantity of commuters using the subway. Considering the low proportion of human-related microbiota in our sequence dataset, and that only one minor part of it can be related to potentially pathogenic bacteria, there
is not an important biological exposure on any of the compartments, more than those related to the fact that this is a confined and crowded place where the transmission of respiratory diseases could be facili- 
